The mesoscopic structures of β-HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine)-based PBXs (polymer bonded explosives) at room temperature were investigated using dissipative particle dynamics method. The parameters and repulsive parameters of different polymers and β-HMX, the mesoscopic structures of β-HMX-based polymer-bonded explosives at different temperatures have been studied. The results showed that the compatibility between β-HMX and vinylidenedifluoride (VDF), β-HMX and chlorotrifluoroethylene (CTFE), VDF and CTFE increased with increasing temperature. The temperature and molar ratio of the polymers played an important role in wrapped process. And there exists the optimum temperature and molar ratio.
I. INTRODUCTION
Solid energetic materials and its fluorine containing polymer-bonded explosives (PBXs) are widely used in many defense and industrial fields. As a typical representative, octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) [1] , an important and useful energetic material, has been used as a secondary explosive since the 1930s. There exhibit four different crystal structures [2] of HMX, including three pure crystallization phases α, β, and δ-HMX, and a hydrate phase γ-phase. The β-HMX is the most stable form under ambient condition with the highest energy, the heaviest density, and the lowest sensitivity [3] . The β-HMX phase is a monoclinic P21/c space group [4] . Through X-ray [5] and neutron diffraction [6] , it was found that the β-HMX has two C 4 H 8 N 8 O 8 molecules per unit cell, 13 independent elastic coefficients, and is of b symmetry axis. Gump et al. obtained isothermal pressure-volume equation of the state of β-HMX at 303, 373, and 413 K at both hydrostatic and non-hydrostatic pressures by synchrotron angle-dispersive X-ray diffraction, and found HMX remained in the β-HMX up to 5.8 GPa [7] . Yoo et al. found two phase transitions for β-HMX by the diamond-anvil cell, using angle-resolved synchrotron X-ray diffraction and micro-Raman spec- * Author to whom correspondence should be addressed. E-mail: hlcui168@163.com troscopy: one of which is the conformational change at 12 GPa with no apparent volume change, and the other is the phase transformation along with a 4% volume discontinuity at 27 GPa [8] . Stevens et al. have studied the compression of β-HMX by synchrotron angledispersive X-ray diffraction techniques and scattering from a variety of acoustic phonons, respectively, and obtained the complete stiffness tensor for it [9] . Swell et al. have investigated the room-temperature isotherms of β-HMX at pressure from 0 GPa to 10.6 GPa and extracted their elastic coefficients and isotropic moduli under room temperature and ambient pressure using the high level quantum chemistry based on the intramolecular and inter-molecular force field [10, 11] . Zhu et al. [12] and Lu et al. [13, 14] reported the electronic and vibrational properties of HMX using density functional theory within the local density approximation and generalized gradient approximation. The simulated results showed that the impact sensitivity of β-HMX was the lowest. Brand [15] and Byrd [16] reported the structural property and phase transition of β-HMX. And we have systematically investigated the correlative properties of HMX [17−19] .
Recently, Ma et al. have studied the structure and molecular interactions in the HMX-based polymer bonded explosives (PBXs) [20] , and Zhang et al. have reported the aggregate behaviour of fluoropolymers in the TATB-based PBXs [21] . Xiao et al. have reported the mechanical properties of HMX-based polymer-bonded explosives [22] . There are many re-ports on the experiment and simulation study of HMX [2−19] . The PBXs are widely used in many defense and economic scopes for its notable merits such as good safety, high strength and so on, but few reports have been found on simulation computation for PBXs [20−22] , and their simulation systems for HMX contain lost of limited molecules or a few fluoropolymer segments, and the size of the simulation system is too small to observe the morphology of the HMX-based PBXs. It is very important of large size simulation especially for HMX-based PBXs' aggregate behaviour by dissipative particle dynamics (DPD) method. In this work, we make a brief review of the theoretical method, the results and some discussion are presented.
II. COMPUTATIONAL METHODS
In the DPD method, the corresponding system is modeled with point particles (bead) that interact through conservative force
, and random force F R ij . These forces are given as follows:
Every point particle (bead) should be required of the same size and should not be regarded as a molecule, but as a cluster of molecules. The total force of each particle i is shown as follows:
The a ij is the repulsion parameter in Eq.(1). The dissipative force is proportional to the relative velocities of the two point particles (beads) and acts to reduce their relative momentum from Eq.(2). The random force offers an energy input into the DPD system and constitutes with the dissipative force as a thermostat. The repulsion parameter between different DPD particles is given as follows by Groot et al. [23] ,
where the a ij is linearly related to the Flory-Huggins interaction parameters χ, a ii is the repulsion parameter between two beads of the same type, when the density ρ=3, a ii =25 [23] . χ is given as follows: where Z is the coordination number, ∆E 12 is the differential pair interaction energy.
Before the simulation, we must obtain the coordination number and the differential pair interaction energy by using the blend module in the Material Studio. All calculations were completed by using the COMPASS force field [24] , which is especially parameterized for organic molecules. In this work, we studied the aggregate behaviour of the four fluoropolymers F 2311 , F 2312 , F 2313 , F 2314 , which represented the random polymers of vinylidenedifluoride (VDF) and chlorotrifluoroethylene (CTFE) with molar ratios of 1:1, 1:2, 1:3, and 1:4, respectively. The schematic DPD simulation models are shown in Fig.1 .
The β-HMX molecule, VDF, and CTFE are treated as different types and individual bead, respectively. Fluoropolymer is denoted by a spring-bead linear chain which is formed from connecting VDF and CTFE beads. The DPD simulations were completed in a cube cell of size 35×35×35r 3 c by using the DPD module in MS, where r c refers to the cut-off distance of interaction. The cubic is satisfied with the periodical boundary conditions. The simulations comprised a total of 1.0×10
5 beads and the density is 3 in the cubic. The spring constant between the connected beads in fluoropolymer is 4.0 according to Ref. [23] . The unit of the spring constant is k B T /r c , where k B is the Boltzmann constant and T is temperature. For the sake of convenience, we use the reduced units so that m=k B T =r c =1, where m is the mass of beads. The mass ratio of β-HMX to fluoropolymer is 5:95. The molecular weight of fluoropolymer is about 1.0×10
4 . To choose a suitable force field, we carried out a series of tests of the DPD steps for 2×10 4 , 3×10 4 , 4×10 4 , 5×10 4 . And the simulated results of the geometry parameters of β-HMX based PBXs are almost unaltered. The DPD steps are equal 3×10 4 in order to obtain the steady and balanceable results under periodical boundary conditions, and the time steps are equal to 0.05 fs.
III. RESULTS AND DISCUSSION

A. Flory-Huggins parameters χ and repulsion parameters aij at different temperatures
The results of χ and a ij between different beads at different temperatures are given in Table I . Generally speaking, the value of χ is larger and the compatibility of different particles is weaker [23] . χ and a ij between β-HMX and VDF, β-HMX and CTFE, VDF and CTFE are shown in blue-red, blue-green and red-green respectively. From Table I , we found that a ij between β-HMX and VDF are larger than others at the same temperature. It showed that the compatibility between VDF and CTFE is better than β-HMX and VDF, β-HMX and CTFE. All χ and a ij decrease with increasing temperature and the change ratio is large in the low temperature range, and the changes are tiny when the temperature is over 500 K. We estimated that all the parameters would be close to zero while the temperature is high enough. a ij is different in different beads and temperatures, whose values are all positive for the repulsion between the beads of different types.
It indicated that the compatibility of β-HMX and VDF, β-HMX and CTFE, VDF and CTFE are weak at low temperature, the compatibility becomes stronger with increasing temperature. of the CTFE content on the β-HMX-based PBXs, and the influence. And the number and volume of the agglomerations are larger and separated for F 2312 at 550 K. Considering all the calculations being of the same fluoropolymer weight fractions, it is obvious that fluoropolymers are of a larger aggregate volume at 550 K than that at 298 and 350 K. In this case, we can find some clues to understand the sensitivity of the fluoropolymer and β-HMX molecules from χ and the repulsion parameters between the beads of the different types. The interaction of CTFE and β-HMX beads has a lower positive value than that of VDF and β-HMX. Therefore, the CTFE beads have a stronger affinity than VDF or β-HMX. Hence, there exists the optimum temperature and molar ratio, the optimum molar ratio of VDF and CTFE is 1:2 at 350 K in our series of data. 
IV. CONCLUSION
We have simulated Flory-Huggins parameters χ and the repulsion parameters between the β-HMX, VDF, CTFE using the blend module and the mesoscopic structures of fluoropolymers in the β-HMX-based PBXs using the DPD module in MS. The results showed that the compatibility between β-HMX and VDF, β-HMX and CTFE, VDF and CTFE increased with increasing temperature. The temperature and molar ratio of the polymers played an important role in wrapped process. And there existed the best temperature and molar ratio. 
